Introduction
Innate immune receptors [also called pattern recognition receptors (PRRs)] are taking center stage as essential triggers of acute and chronic renal injury. These receptors are known to induce proinflammatory signals and death signaling in response to a wide variety of pathogen and nonpathogen stimuli. The complexity of PRR signaling is only now being appreciated in the kidney.
Emerging studies have shown that significant cross talk exists between PRR family members and that differential expression of PRRs occurs throughout the kidney. Our study was designed to clarify the interaction between two different PRRs known to be expressed in both rodent and human kidneys, i.e. TLR2 (Toll-like receptor 2) and the NLRP3 (nucleotide-binding oligomerization domain-like receptor family, pyrin domain containing 3, also known as NALP3 and cyropyrin) inflammasome.
TLR2 is a membrane-bound PRR that responds to cell wall components such as peptidoglycan, lipoteichoic acid, and lipoprotein, depending on the coreceptors that interact with it. TLR2 is expressed in proximal tubular epithelium and its blockade prevents renal ischemia/reperfusion injury in rodent models [1] . The NLRP3 inflammasome is a multiprotein complex that is formed in response to a wide variety of infectious and noninfectious stress signals. Formation of the inflammasome complex promotes autocatalytic cleavage of caspase 1, which then enzymatically cleaves precursor pyrogens such as IL-1β into their mature secreted form and induces caspase-1-dependent cell death (pyroptosis). TLR2 has been shown to be an upstream signal for NLRP3 inflammasome activation in several in vitro studies in inflammatory cells [2] . During a stress response two signals have been shown to be required for inflammasome complex formation and subsequent caspase-1 activation. The first ensures adequate gene/protein expression of pro-IL-1β and inflammasome components (e.g. NLRP3), while a second signal is required for inflammasome complex assembly and subsequent caspase-1 activation.
Our study investigated whether signaling through TLR2 influences activation of the NLRP3 inflammasome in primary renal tubular epithelial (RTE) cells and whether activation of the NLRP3 inflammasome leads to death of the RTE cells. These studies set the stage to better define potential synergistic interactions between families of PRRs in the kidney. Understanding the cooperative communication between PRR family members is essential for the design of rationale therapeutics to prevent injurious responses in the kidney.
Methods
Isolation of Primary RTE Cells RTE cells were extracted from adult male mice (aged 6-9 weeks) using a previously published methodology [1, [3] [4] [5] . WT (C57Bl/6) mice were compared to NLRP3-/-mice (bred for more than 10 generations on a C57Bl/6 background, a gift from H. Hoffman of the University of California San Diego). Mice were sacrificed and kidneys were immediately excised and placed in ice-cold complete media (10% heat-inactivated FBS; Omega Scientific, Tarzana, Calif., USA) in RPMI 1640 supplemented with 1% penicillin-streptomycin (Life Technologies, Grand Island, N.Y., USA). The renal capsule was removed, the kidneys were cut sagittally, and the medulla was discarded. The cortical tissue was minced in collagenase solution in complete media (1 mg/ml; Sigma-Aldrich, St. Louis, Mo., USA). The tubules were incubated at 37 ° C for 45 min with frequent mixing. The tubule fragments were sieved (100 μm) and washed twice with complete media followed by centrifugation in a 30% Percoll gradient at 12,500 rpm for 30 min at 4 ° C. Proximal tubule fragments and cells were retrieved from the layer directly above the red blood cells and washed twice with RPMI and centrifuged at 1,200 rpm for 5 min at 4 ° C. Proximal tubule epithelial cells were seeded on collagen-treated plates (BD Biosciences, San Jose, Calif., USA) using selection media consisting of DMEM:F12 culture media (Life Technologies), 1% penicillin-streptomycin (Life Technologies), hydrocortisone (50 n M ; Sigma-Aldrich), epidermal growth factor (10 ng/ml; Sigma-Aldrich), insulin/transferrin/selenium (10 μg/ml/5.5 μg/ml/5 ng/ml; Sigma-Aldrich), and tri-iodothyronine (32 ng/ml; Sigma-Aldrich), placed in an incubator (37 ° C, 5% CO 2 ), and grown to 80% confluence.
Detection of NLRP3 and IL-1β Message
To determine the relative expression of NLRP3 or IL-1β mRNA following stimulation, the primary RTE cells were serum-starved overnight in DMEM:F12 (Life Technologies), followed by treatment with either Pam3Cys-Ser-(Lys)4 trihydrochloride (specific to TLR1/2) (100 ng/ml), also called PAM3 (100 ng/ml; Enzo Life Sciences, Farmingdale, N.Y., USA), or ATP (3 m M ; Sigma-Aldrich). To allow for ligand binding, the cells were then exposed to 4 ° C for 15 min, followed by stimulation at 37 ° C with 5% CO 2 for 4 h. After 4 h, the medium was removed, the cells were washed with sterile PBS, and adherent cells were scraped and pelleted. The pellets were washed with sterile PBS and stored at -80 ° F for detection of mRNA.
RNA was purified using a Quick-RNA MiniPrep kit (Zymo Research Corp., Irvine, Calif., USA). The first strand of cDNA of each sample was synthesized from 500 ng total RNA using a SuperScript III Reverse Transcriptase kit (Life Technologies) according to the manufacturer's instructions. qPCR was run and quantified using an Eco Real-Time PCR System (Illumina, San Diego, Calif., USA) detecting the amplification of SYBR Green fluorescent signals using SsoAdvanced SYBR Green Supermix (Bio-Rad, Hercules, Calif., USA) and primer sets for IL-1β and NLRP3 (SA Biosciences, Valencia, Calif., USA).
NLRP3-Induced RTE Cell Death
To assess for ligand-induced cell death, primary RTE cells from either WT or NLRP3-/-mice were stimulated with either PAM3 (10 μg/ml) or ATP (3 m M ) or nigericin (5 μg/ml) for 24 h. After stimulation, the cells were harvested and suspended in annexin V binding buffer (10 m M Hepes, 0.14 M NaCl, and 2.5 m M CaCl 2 solution; BD Biosciences) and then stained with annexin V (Nexcelom Bioscience, Lawrence, Mass., USA) and propidium iodide (PI; Nexcelom Bioscience) for 15 min at room temperature. The cells were then washed with annexin V binding buffer and analyzed for annexin V/PI uptake using a Nexcelom cellometer and FCS4 Express software (Nexcelom Bioscience).
To detect HMGB1 nuclear release, RTE cells were treated with either PAM3 (10 μg/ml) or ATP (5 m M ) for 24 h. After stimulation, 2 ml supernatant was added to double the volume of cold acetone and stored at -20 ° C overnight to precipitate the protein. The protein precipitate was collected by spinning the supernatant at 17,000 g for 10 min. The lysis buffer (60 m M Tris, 10% glycerol, 2% SDS and protease inhibitors) was added to the collected pellet to solubilize the protein. The concentration of soluble protein was determined by Lowry assay (Bio-Rad), and 30 μg protein was loaded and resolved on a 12% electrophoresis gel followed by PVDF membrane transfer and Western blot for HMGB1 protein (29 kDa) using a polyclonal anti-HMGB1 rabbit polyclonal antibody (Abcam, Cambridge, Mass., USA).
Results
The cellular response to injury is complex, and data from several laboratories have shed light on a cooperative interaction between TLRs and NLRs. In monocytes, macrophages, and several different cell lines, TLR2 has been shown to be essential for the NLRP3 inflammasome response to pathogens by assuring sufficient levels of NLRP3 and IL-1β messaging [2, 6] . NLRP3 inflammasome activation requires not only the presence of NLRP3 but also a second signal, which then leads to activation of caspase-induced cell death and secretion of pyrogens such as IL-1β [2] . We have previously shown that blockade of TLR2 prevents renal tubular necrosis in a murine model of ischemia/reperfusion injury [1, 5] . This study now examines whether TLR2 regulates the expression of NLRP3 and IL-1β in primary RTE cells and whether signaling through NLRP3 induces RTE cell death.
Primary RTEs from WT mice that were stimulated with the synthetic TLR2 ligand PAM3 increased their expression of NLRP3 mRNA ( fig. 1 a; PAM3) . A ligand specific for the second signal of inflammasome activation, i.e. ATP, on the other hand, did not induce NLRP3 mRNA expression ( fig. 1 a; IL-1β mRNA expression, whereas ATP had no effect ( fig.  1 b; PAM3 and ATP, respectively) .
The role of NLRP3 inflammasome-mediated RTE cell death was examined in primary RTE cells harvested from either WT or NLRP3-/-mice. The RTE cells were treated with the NLRP3 ligand ATP or nigericin (a positive control for NLRP3 inflammasome activation). In figure 1 c, it can be seen that treatment of the primary RTE cells with ATP significantly increased necrosis, as detected by the expression of PI and annexin (ATP) and the absence of NLRP3 (NLRP3-/-) blocked RTE cell death. Likewise, stimulation of NLRP3 by nigericin increased cell death in primary RTE cells from WT mice but not in primary RTE cells from NLRP3-/-mice.
The induction of cell death in primary RTE cells via signaling through the NLRP3 inflammasome is further confirmed in figure 1 d. RTE cells from either WT or NLRP3-/-mice were stimulated with PAM3 or ATP and cytoplasmic lysates probed for HMGB1. As noted in figure 1 d, HMBG1 was detected in the lysates of ATP-stimulated WT RTE cells but not in the lysates of PAM3-stimulated RTE cells (WT). The release of HMGB1 from NLRP3-/-RTE cells treated with ATP, however, was significantly diminished compared to WT RTE cells. PAM3 had no effect on HMGB1 release in NLRP3-/-RTE cells (NLRP3-/-).
Discussion
The NLRP3 inflammasome is a multiprotein complex that is activated by a wide array of well-characterized stress signals, including ATP. Activation of the inflammasome accelerates caspase-1 activation, resulting in the catalytic activation of pyrogens such as IL-1β, and also caspase-1-mediated cell death (pyroptosis). During a stress response, two signals have been shown to be required for inflammasome complex formation and subsequent caspase-1 activation [7] . The first signal provides adequate expression of inflammasome components (e.g. NLRP3) and its substrates (e.g. pro-IL-1β), while a second signal is needed for inflammasome complex assembly and subsequent caspase-1 activation. We have previously shown that NLRP3 is constitutively expressed in both human and rodent RTE cells [5] . Our data now show that NLRP3 and IL-1β can be upregulated by TLR2 in RTE cells, and that stimulation through NLRP3 can directly induce death in primary RTE cells.
We have previously shown that necrosis and apoptosis of RTE cells can be inhibited in vivo by blockade of TLR2 [1] and NLRP3 [5] , an observation confirmed by others [8, 9] . TLR2 and NLRP3 have been shown to be upregulated in various different models of cellular injury [10] [11] [12] [13] . TLR2-induced NLRP3 upregulation occurs in monocytes, macrophages, and dendritic cells [2] , but it is not known whether NLRP3 and IL-1β are upregulated in RTE cells under the influence of TLR2 signaling. Our study is the first, to our knowledge, to demonstrate TLR2-dependent upregulation of NLRP3 and IL-1β in primary murine RTE cells.
Our data also show that stimulation of the NLRP3 inflammasome by ATP causes necrosis of primary RTE cells. Presumably, ATP provides the second signal needed for inflammasome activation and caspase-1-mediated pyroptosis in the RTE cells in our model. In vivo models of renal ischemia/reperfusion injury have shown that the absence of NLRP3 can prevent both necrosis and apoptosis in murine kidneys [5] . Increasingly, it is being realized that several different renal diseases and systemic diseases affecting the kidney appear to involve the NLRP3 inflammasome [14] , although whether NLRP3 and inflammasome signaling is regulated by TLR signaling has not been demonstrated in specific cell types within the kidney.
Interestingly, recent data have shown that TLRs and NLRs can simultaneously recognize virulence factors and microbial ligands, suggesting that TLRs and NLRs might be able to be activated at the same time [15] . Clearly, the complexity of TLR/NLR interaction is gaining appreciation. Future studies in our laboratory will focus on clarifying the complex interaction between TLR2 and NLRP3 in RTE cells and on the identification of mechanisms of inflammasome-mediated RTE cell death. Prevention of RTE cell death by blockade of either TLR2-or NLRP3-mediated cell death mechanisms presents an emerging attractive therapeutic target for a variety of renal diseases that involve RTE cell death.
